have been divided into subgroups on the basis of their predominant clinical phenotype and major organ involvement; nephronophthisis-related ciliopathies (NPHP-RCs) and skeletal ciliopathies are such examples. Whereas by definition NPHP-RCs show cystic renal degeneration, 2 skeletal ciliopathies primarily manifest with a bone-related phenotype, such as polydactyly (e.g., in short-rib-polydactyly syndromes [SRPSs; MIM 263510] and Ellis-van-Creveld syndrome [EVC; MIM 225500]), thoracic dystrophy (e.g., in SRPSs and asphyxiating thoracic dystrophy [ATD] , also known as Jeune syndrome [MIM 208500]), phalangeal cone-shaped epiphysis (e.g., in MainzerSaldino syndrome [MZSDS; MIM 266920]), or dolichocephaly and hypodontia and/or microdontia (e.g., in cranioectodermal dysplasia [CED] , also known as Sensenbrenner syndrome [MIM 218330] ). 4 Whereas proteins associated with NPHP-RCs mainly function at the ciliary transition zone, 5 most proteins associated with skeletal ciliopathies have been shown to participate in intraflagellar transport (IFT). IFT is an evolutionarily conserved kinesin-and dynein-mediated bidirectional trafficking system essential for cilium assembly and maintenance and is facilitated by two major subcomplexes, A (IFT-A) and B (IFT-B). Ciliary proteins found to be defective in skeletal disorders currently encompass the following four main subgroups: (1) all six subunits of IFT-A 6-11 and its motor protein, DYNC2H1, 12 whose defects have been shown to disrupt retrograde transport and cause IFT protein accumulation at the ciliary tip; (2) NEK1, a serine-threonine kinase involved in cell-cycle control and ciliogenesis; 13 (3) EVC and EVC2, both located at the basal body as positive regulators of sonic hedgehog signaling; 14, 15 and (4) IFT80 (intraflagellar transport 80
homolog [Chlamydomonas] ), one of 14 subunits of IFT-B, which is involved in anterograde IFT. Although all six IFT-A components are implicated in skeletal ciliopathies, none of the IFT-B components have been shown to play a role in human disease to date; the only exception is IFT80, encoded by IFT80 (MIM 611263), the first gene identified as causing ATD when mutated. 16 Given the fact that IFT-B is critical for ciliogenesis in mice, 17, 18 we sought to elucidate whether additional IFT-B proteins are defective in individuals with ciliopathies, particularly skeletal ciliopathies.
To identify additional genes mutated in ciliopathies, we applied targeted candidate-gene sequencing and wholeexome capture with next-generation sequencing (also known as whole-exome resequencing [WER] ) to a large multicenter cohort of 1,530 individuals with ciliopathies. Written informed consent was obtained from all individuals enrolled in this study and approved by the institutional review boards at the University of Michigan, the University College London Institute of Child Health (in partnership with the Great Ormond Street NHS Hospital Trust), Paris Descartes University, University of British Columbia, University of Queensland, University of Birmingham, and Duke University Medical Center. The diagnosis of NPHP-RCs and/or ATD was based on published clinical criteria. 19 Mutation analysis was performed by three different approaches in five independent cohorts of individuals with NPHP-RCs or skeletal ciliopathies. Figure S1 , available online, and Table 1 ). First, we performed a candidate-gene screening of all 14 genes encoding IFT-B complex proteins (Table S1) . All detected missense residues were highly conserved throughout evolution (Table 1) . Most affected individuals exhibited NPHP with progressive renal insufficiency in childhood and reached end-stage renal disease (ESRD) by 20 years of age. Three subjects (A3215-21, A2052-21, and A2052-22) showed thoracic dystrophy with chronic respiratory distress, necessitating intermittent mechanical ventilation ( Figure 1A ). All three presented with the clinical characteristics of ATD: thoracic dystrophy with a trident acetabular roof and shortening of the long bones ( Figure 1 and Table 1 ). The affected siblings from family A2052, as well as three other individuals (A3037-21, A3037-22, and F108-21), displayed phalangeal coneshaped epiphysis, a hallmark of MZSDS ( Figure 1G ), in addition to liver fibrosis and retinal dystrophy. Interestingly, both siblings from family A2052 also exhibited cerebellar vermis hypoplasia, representing an exceedingly rare co-occurrence of ATD, MZSDS, and Joubert syndrome (JBTS [MIM 213300] Figure S2 ). It is in 1000 Genomes (its minor allele frequency is not annotated), but not in the National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome Variant Server (EVS). d NHLBI EVS (n ¼ 6,503 control subjects):
Similarly, we conducted bidirectional Sanger sequencing of the coding exons and intron-exon boundaries of all 14 IFT-B-encoding genes in another cohort of 296 individuals with ciliopathies. We thereby identified compoundheterozygous changes in IFT172: the previously identified missense mutation c.5179T>C (p.Cys1727Arg) and a frameshifting 2 bp deletion, c.1671_1672dupAG (p.Val558Glufs*12), in a Belgian female with ATD (B1, Table 1 and Figure S1 ). Notably, her initial symptoms were bilateral postaxial polydactyly of the hands at birth and night blindness at 5 years of age. Subsequent clinical evaluation revealed a mildly hypoplastic left thoracic cage, rhizomelic shortening of the limbs with brachydactyly, short phalanges, and a trident acetabulum. Ultrasonography at the time of ascertainment revealed no significant abnormalities in the kidneys, liver, or pancreas. 23 Second, by applying exon-enriched NGS of 1,209 ciliary candidate genes, including those encoding all 14 IFT-B components (''ciliome sequencing''), 11 Figure S2 ). This individual exhibited a severe phenotype with shortened long bones, resulting in severe dwarfism, obesity, brachydactyly, and NPHP with early-onset ESRD ( Figures 1E, 1F, and 1K) . Additionally, he also presented with liver failure, retinal degeneration, severe intellectual disability, oculomotor apraxia, and partial agenesis of the cerebellar vermis, consistent with JBTS ( Figure 1J Figures 1B, 1D, 1I , and 1L), both individuals displayed hepatosplenomegaly, dilated intrahepatic bile ducts, and liver failure similarly to the previously detected individuals (F108-21, A3037-21, and A2052-21). In contrast to most of the described subjects, UCL-87 additionally presented with postaxial polydactyly of the feet ( Figure 1C ). Renal disease was not reported in either of them. However, because both individuals died within the first 18 months of life as a result of respiratory (UCL-107) 24 or liver (UCL-87) failure, renal involvement could not be completely excluded or might have developed later in life. WER variant analysis was performed as previously described. 25 In UCL-87, the above mutation was one out of three remaining homozygous missense variants found in three different genes. Only two variants, the one in IFT172 and one in ERCC6, were located on a long homozygosity stretch corresponding to parental consanguinity. 26 ERCC6 is known to cause Cockayne syndrome type B (MIM 133540), a recessive UV-sensitive nucleotide-excision-repair disorder characterized by neurological and sensory impairment, cachectic dwarfism, and photosensitivity. 27 Therefore, considering the individual's phenotype and taking the evolutionary conservation of both missense variants into account, IFT172 remained the most likely disease-associated candidate (Table S2 ).
In (Table 1) . Other skeletal changes included shortened and curved long bones, relatively short ribs, mild platyspondyly, and spur-like projections of the acetabular roof ( Figure 1H ). ATD was considered the most likely diagnosis. WER was performed as previously described. 25 Given parental nonconsanguinity, compound heterozygosity was thought the most likely form of inheritance. Seven genes carried two or more novel (absent from public databases) or rare (minor allele frequency < 0.001) nonsynonymous SNPs, small insertions, or exon or splice-site deletions predicted to be damaging. Two of these genes (IFT172 and STXBP5L) were represented in the cilia proteome and had appropriate familial segregation of variants; however, only IFT172 had two variants that were in highly conserved regions and had a deleterious effect predicted by PolyPhen-2, SIFT, and MutationTaster. Thus, IFT172 was considered the most likely candidate (Tables S3 and S4) . SKDP-44.3, the last individual of the Australian cohort, had neonatal respiratory distress. Poor vision was noted from the age of 6 weeks, leading to the diagnosis of retinal dystrophy. Speech was delayed, and brain MRI revealed mild ventriculomegaly. Frequent and severe chest infections led to a skeletal survey, which showed narrowing of the thorax and resulted in a diagnosis of ATD. This individual was also noted to have mild renal structural abnormalities, obesity, marked rhizomelic shortening, and brachydactyly. WER data for SKDP-44.3 was similarly filtered; after Sanger sequencing for appropriate segregation within the family, only IFT172 remained as a possible candidate gene (Tables S3 and S4) .
IFT172 encodes IFT172, a 1,749-residue protein (the largest of all known IFT proteins) containing 9 N-terminal WD-40, 1 LIM, and 14 C-terminal TPR (tetratricopeptide repeat) domains. The detected mutations lead to protein changes in both principal domain structures and have a slight predominance toward the C-terminal end, which neighbors the loci of two extensively studied animal mutants, the wimple mouse (wim) 17 and the thermosensitive Chlamydomonas fla11 28 (Figures 2A and 2B) . Interestingly, although both mutants represent missense changes (p.Leu1564Pro for wim and p.Leu1615Pro for fla11), they result in severe phenotypes and, in the case of wim, embryonic lethality. 17 In accordance with previously reported human mutations of genes encoding the IFT-A or IFT-B complex, most affected individuals carried one highly conserved missense allele in trans with a functional null nonsense or frameshift allele ( Figures 2B and 2C) . Accordingly, the observed phenotypes of the subjects in this study, especially the phenotype of SKDP-165.3, are reminiscent of the hypomorphic avc1 mouse, which displays shortening of the long bones, preaxial polydactyly, renal dysplasia, atrioventricular septal defect, and hydrocephalus. 29 Only NPH2218 carried two truncating mutations, consequently associated with a severe phenotype of multiple organ involvement, notably malformations of the CNS. However, the homozygous c.1232T>A (p.Ile411Asn) mutation of UCL-87 and UCL-107 was also associated with a severe phenotype and early death. This might be due to the substitution's N-terminal localization, given that the N terminus was recently shown to be necessary for anterograde transport in Tetrahymena.
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However, health-care standards in the individuals' respective countries have to be taken into account before a genotype-phenotype correlation can be considered. On the other hand, SKDP-165.3 also demonstrated an extremely severe phenotype; whether this would have been compatible with postnatal life is unknown. This individual carried one earlier truncating mutation and the same C-terminally located missense mutation as did family A2052. In conclusion, even missense mutations can result in a severe phenotype if located within a specific domain structure of crucial protein function, as already demonstrated for wim (Figures 2A and 2B ).
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To investigate the subcellular localization of the wildtype (WT) protein, we first performed immunofluorescence in primary human skin fibroblasts of healthy controls. WT IFT172 localized to the axoneme and around the base of the cilium ( Figure 2D ). Similar to endogenous IFT172, N-terminally and C-terminally tagged constructs localized to the ciliary axoneme upon overexpression (Figures 2E and 2F) .
To evaluate the impact of the identified human mutations on ciliogenesis, ciliary morphology, and composition, we examined cultured human fibroblasts from affected individuals A2052-21, NPH2161, and NPH2218 and compared them to those of healthy controls. No significant difference in the number of ciliated cells was observed between mutants and controls. Cilia from mutant fibroblasts were not shortened but unexpectedly appeared longer than those of the controls ( Figure 3A) . Similarly, we found that cilia from the remaining kidney tubules of individual NPH2218 also appeared longer ( Figure S3 ). We next assessed the ciliary composition in the three human fibroblast cell lines (A2052-21, NPH2161, and NPH2218) and observed a partial loss of the IFT-A protein IFT140 along the cilium, accompanied by an accumulation of IFT140 at the basal body ( Figure 3B ). Interestingly, we also observed a significant decrease in adenylyl cyclase III (ACIII) staining along the axonemes of all three human fibroblast cell lines ( Figure 3C ). Reduced ciliary ACIII can result in defective cyclic AMP (cAMP) signaling and consequent reduction of the activity of protein kinase A (PKA), a negative regulator of mammalian Sonic hedgehog signaling. Indeed, we observed an abnormal accumulation of the catalytic subunits of PKA (PKAc) at the base of the cilium in affected individuals' fibroblasts that were treated with the adenylate cyclase activator forskolin ( Figure S4 ), suggesting altered cAMP-PKA signaling. Together, these results indicate that fibroblasts from affected individuals exhibit an altered ciliary composition and potentially lead to defects in ciliary trafficking and cilia-mediated signaling.
To recapitulate the human phenotype and investigate defective IFT172 in vivo, we performed zebrafish knockdown with two morpholino oligonucleotides (MOs) targeting the exon 1-intron 1 and intron 1-exon 2 splice sites. Both MOs led to a similar phenotype comparable to that of the previously described ift172 zebrafish mutants, 31, 32 displaying ventral body-axis curvature, formation of kidney cysts, otolith defects, and hydrocephalus ( Figure 4B and Figures S5C and S5E ). In addition, morphants exhibited cartilage defects, demonstrated by Alcian-blue staining of the craniofacial skeleton ( Figure 4B) . Furthermore, upon knockdown of ift172 in a rhodopsin-GFP transgenic zebrafish line, we were able to visualize the impact on retinal rhodopsin expression. We thereby demonstrated that the level of rhodopsin-GFP was lower in ift172 morphants than in controls, suggesting retinal degeneration ( Figure S5A) . Lastly, by scanning electron microscopy of the olfactory placode, we observed ciliogenesis defects, including shortened and truncated cilia, in ift172 morphants compared to controls ( Figure S5B ). Ciliogenesis defects with fewer and shorter cilia have been previously described in ift172 mutant zebrafish embryos, 33 as well as in the ift172 mouse mutant wim. 17 In contrast to these observations, the fibroblasts from the three individuals with IFT172 mutations were normally ciliated. This discrepancy might be due to the nature of the identified human mutations, each carrying at least one hypomorphic allele that might partially conserve IFT172 function and thus result in an overall milder phenotype. IFT80, a 777 amino acid protein, shows striking similarities to IFT172. Both proteins are part of the peripheral, non-core, IFT-B complex, feature multiple N-terminal WD-40 domains, and are implicated in individuals with ATD when defective. 16 Therefore, we investigated whether IFT172 and IFT80 interact genetically with each other. When comparing the phenotypes of both zebrafish morphants, we observed striking similarities with regard to body-axis curvature, formation of kidney cysts, and pattern of cartilage defects ( Figures 4B-4F) . Moreover, the combined injection of subphenotypic doses of both ift80 (1.5 ng) and ift172 (1.5 ng) MOs resulted in the same phenotype as did injection of a full dose (3 ng) of each MO alone, indicating genetic interaction ( Figures 4B-4F and Figures S5C and S5G ). In summary, we have identified mutations in IFT172 as an additional cause of ATD and MZSDS in humans. In contrast to ''classical'' ATD, which is due to mutated IFT80 and DYNC2H1 and which typically manifests without any extraskeletal symptoms, 16, 34 ATD in these subjects with mutations in IFT172 is characterized by a complex phenotype and is frequently associated with extraskeletal involvement, notably NPHP, liver fibrosis, retinal degeneration, obesity, and rarely, cerebellar vermis hypoplasia (in A2052-21, A2052-22, and NPH2218). None of the previously identified genes associated with ATD or MZSDS have been implicated in CNS dysplasia, underlying the special role of IFT172 in mammalian brain development as demonstrated by another ift172-null mouse model (slb). 35 Because of the significant overlap between the phenotypic features and other forms of NPHP-RC, we introduce the alias ''NPHP17'' for IFT172. The most similar phenotype, however, results from recessive mutations in IFT140 (MIM 266920), encoding one of six IFT-A subunits. Defective IFT140 is a frequent cause of MZSDS and ATD with multiple extraskeletal involvements, including NPHP, retinal degeneration, and liver anomalies. 11, 36 Consistently, IFT172 is the only IFT-B protein shown to interact with IFT140 in a series of pull-down experiments in mice. 37 In that context, we have demonstrated here that mutations in IFT172 lead to partial delocalization of IFT140 in fibroblasts of affected individuals, suggesting the necessity of functional IFT172 for sufficient IFT140 to enter the cilium. Taken together with the Chlamydomonas and Tetrahymena data on the importance of IFT172 for the transition from anterograde to retrograde transport and for the turnaround at the flagellar tip, 28, 30 our data strengthen the hypothesis that IFT172 is indeed involved in an interaction between the two subcomplexes, IFT-A and IFT-B. By characterization of IFT172 as an additional gene associated with ATD and as the second gene identified to be associated with MZSDS in humans, 11, 36 we link a subset of peripheral IFT-B proteins, consisting of IFT172 and IFT80, to a phenotype that was also described in individuals with mutations in genes encoding IFT-A proteins. We hereby provide a further piece to the puzzle of correlating protein complexes to certain clinical phenotypes.
The BBSome was the first protein complex whose members were defined as defective in a distinct ciliopathy phenotype, BBS. 38 Similarly, the majority of NPHP-and JBTS-related proteins were mapped to four distinct protein modules located around the ciliary transition zone. 39 IFT-A has only recently been linked to a variety of human ciliopathies that specifically involve skeletal dysplasia. We have now shown that defects in the second IFT-B component, IFT172, also result in a well-defined group of ciliopathies with skeletal involvement. We therefore hypothesize that complete or partial loss of function of other IFT-B members might equally either lead to a bone-related disorder or turn out to be embryonically lethal.
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